This paper presents a method to monitor temperature in neurosurgical bone grinding procedure using the motor electrical power as input. Bone grinding is a critical procedure in the skull base neurosurgery to remove the cranial bone and approach the tumor through the sphenoid sinus. Heat generated during grinding could damage the optic nerve or coagulate the blood in the carotid artery, while direct temperature measurement is difficult. The temperature estimation is realized using a heat conversion model and the thermal model based on finite element analysis (FEA). The heat conversion model determines heat generation based on its linear correlation to the motor electrical power. The FEA thermal model calculates the temperature on the bone surface using the obtained heat. Bone grinding experiments are conducted, and results demonstrate the feasibility and accuracy of proposed model for monitoring local temperature in endonasal bone grinding.
Introduction
Bone grinding using a miniature spherical diamond wheel (also called bur) is a common procedure in the expanded endonasal approach for brain cancer treatment in the skull base. Patients suffering from malignancies of the ventral and ventral-lateral skull base often require radical surgical resection of the tumor. The advent of endoscopic technology first in otolaryngology and subsequently in neurosurgery allowed the use of a transnasal route to access the skull base. This technique avoids facial and scalp incisions and reduces the need to surgically remove normal tissue. In essence this procedure allows both the approach and resection of the tumor with minimal disturbance to the surrounding tissues [1] . High speed (60,000 rpm), miniature (less than 4 mm) diamond burs are commonly used to grind the bone to provide the exposure necessary to remove the tumor. Depending on the tumor location, this procedure could include grinding the bone surround the optic nerve, cavernous sinus, and branches of the trigeminal nerve. Heat is generated during bone grinding, even with extensive irrigation. The thermal energy imparted by grinding may injure cranial nerves. High contact temperature between grinding tool and bone surface is reported in our previous study [2] under dry condition. Such high temperature can also cause the blood to coagulate in the carotid artery and potentially lead to stroke during surgery. Both complications are feared by neurosurgeons. Currently, information of heat propagation through the bone, and resultant temperature rise, is still lacking; neurosurgeons mostly rely on their experience to minimize the risk of thermal injury.
The threshold temperature for bone necrosis starts around 50°C [3] . Neural tissue is especially vulnerable to elevated temperature. Depending on the type of nerve, the critical temperature for starting the thermal injury could start at 43°C [4] . The thermal issue of bone grinding has rarely been revealed, but drilling and milling have been studied extensively. Abouzgia et al. [5] reported the maximum temperature rise over 100°C during drilling the bovine bone with 2.5 mm diameter, 49,000 rpm twist drill. Shin et al. [6] estimated the temperature increment in the range of 49 to 115°C for a 9.1 mm diameter round bur milling. Hosono et al. [7] reported the high temperature of 174°C in high-speed bone cutting with 5 mm diamond bur and indicated potential damage to the neighboring tissue in spinal surgery. Bone grinding is anticipated to create more heat than drilling and milling due to the nature of its material removal mechanism [8] . Direct measurement of temperature is difficult due to the confined space in the nasal cavity and disturbance from blood and saline on the bone surface. Therefore, an accurate non-contact estimation would be an ideal way to monitor the process.
In this paper, the goal is to develop a method to predict the bone temperature for assisting surgeons to avoid thermal injury during neurosurgical grinding process. The concept of temperature monitoring system is first introduced, and followed by the details of two key models, heat conversion model and thermal model. Model validation and discussion are given based on the experimental measurements, and followed by the conclusions.
Concept for Temperature Monitoring
The temperature monitoring is based on an estimate of grinding-induced heat generation on the bone surface. The concept flow chart is shown in Fig. 1 . The electrical power demand of the motor is extracted from the console and converted into an estimate of thermal power via a heat conversion model [9] . This model is based on the linear correlation between electrical power and thermal power under the assumption of 100% electricalmechanical (torque, speed) energy conversion. The converted heat is the input to the thermal model, which calculates temperature spatial and temporal distributions. Finally, the result can be visualized or simply displayed as a warning when the temperature goes beyond certain threshold. Figure 1 shows an example using 50°C as the critical temperature threshold. The gray area indicates the area of potential thermal injury. Note that this temperature monitoring system is not intended to calculate the temperature distribution over geometry through the entire grinding procedure. Instead, it estimates the potential thermal injury underneath the grinding wheel during the grinding condition around one spot, which has a high likelihood to damage the nerve or artery. 
Heat Conversion Model
Heat conversion model is a linear function established by experimentally quantified heat generation and electrical power for a selected tool. Diamond bur was chosen for this study as it is commonly used in surgery. Experiments and results are presented in this section.
Methods
In bone grinding, the grinding-induced heat conducts to the bur, bone, bone debris, and irrigation. The percentage of heat flowing to the bone is defined as heat conversion ratio . Assuming a constant under the same tool and rotational speed, the heat flowing to the bone is theoretically proportional to the electrical power change. To quantify the electrical power, pulse-widthmodulation (PWM) signal, which represents the electrical power demand of the motor, was used. PWM is a common technology used in motor control. As shown in Fig. 2 , the duty cycle increases to maintain the rotational speed, by providing more power, when the bur undergoes grinding. For the heat generation, inverse heat transfer method (IHTM) was applied to determine the heat generation using the measured temperatures and finite element analysis (FEA) [10] [11] . In this study, the experiment was designed to relate PMW signal and heat generation under different grinding loads, thus to create the heat conversion model.
Experimental Setup
The experimental setup is shown in Fig. 3 . Three linear stages (Siskiyou Model 200cri) with 1 m resolution are built to control the 3-axis movement of the grinding tool on the bone surface. The tool spindle is connected to the Stryker (Kalamazoo, MI) motor console, which drives the grinding tool rotating at high speed 60,000 rpm (the same as surgical setting). The grindingbit was a 4 mm diameter spherical bur (Stryker 4.0 mm Diamond Round Bur #5820-12-40). The contact angle was set between the drill axis and bone surface to mimic the grinding motion in surgery. Four typ y y e K thermocouples were placed on both sides of the grinding slot, about 2 mm away from the cutting edge and 4 mm apart from each other. Measured temperatures were applied into IHTM to calculate the corresponding heat generation. An oscilloscope (Agilent Infiniium 54833A DSO), with more than 100 MHz sampling rate, was used to measure the duty cycle change from PWM signal. A bovine cortical femur bone was used as experimental material since it had similar properties to the cortical cranial bone, identified by neurosurgeons. The bone samples were shaped into square pieces with flat top surfaces to create a constant grinding depth through the process. 
Results
Grinding tests under a variety of feeds and depths were conducted to intentionally create different loading levels on the spindle. Figure 4 shows the results of PWM measurements and heat calculation from seven tests. The reference point was created by monitoring PWM when the bur rotated without grinding the bone. The heat conversion model was built by linearly fitting these data as they are theoretically proportional to each other. As shown in the Fig. 4 , the result exhibits a strong linearity, and the slope of this function is used to convert the duty cycle change directly to the thermal power (heat flow into the bone) for the validation test in the next section. 
Thermal Model
The thermal model is built in FEA software ABAQUS 6.10v using the converted heat source as input to calculate the temperature distribution around the diamond bur bit. The concept behind the model and experimental validation are presented in this section.
Model Concept
The FEA thermal model is advanced from our previous study [12] , in which the spherical grinding bur is divided into several elemental grinding wheels (EGWs), and each EGW conducts individual grinding, as shown in Fig. 5 . The first wheel is always the one at the front toward the feeding direction. Each EGW performs grinding with its own tangential speed (v s ) and tangential force (F t F F ). The depth of cut (a c ) and the width of each EGW (b w ) determine the number of EGWs performing grinding based on the geometrical configuration. Surface heat flux under each individual EGW can be determined by [13] l b
where F t F F and v s are proportional to the cutting depth and radius of each EGW, respectively. The b w is constant since EGWs are equally segmented, while the arc contact length l varies, depending on the size and cutting depth of each EGW. EGW. Since this is a moving heat source problem, the elements are removed sequentially toward the feeding direction to expose another round patterns as Fig. 6 for the next time step. Although some of the heat is removed from this process, it has been demonstrated insignificant since the material removal rate is small in grinding. In this study, the number of EGWs was set 24, and depth of cut (a c ) was 0.5 mm. The geometrical calculation shows that EGWs #2 to #6 contact the bone surface. Using Eq. (1), the heat flux ratio (with maximum normalized to 1) can be calculated under each EGW surface. As shown in Fig. 7 , the heat flux ratios are 1.00, 0.60, 0.41, 0.26, and 0.12 for EGWs #2 to #6, respectively. The distribution across each layer is assumed triangular with the higher end at -X based on the wheel rotational direction and grinding theory in [14] [15] . Thus, the total heat generation (thermal power) can be distributed onto each element surface for FEA based on the calculated heat flux ratios. 
Experimental Validation
Experimental validation for the heat conversion model and thermal model was conducted using the same setup in Fig. 3 . The grinding depth of cut was 0.5 mm, consistent with the model, and feed rate was 20 mm/min. Three thermocouples, denoted as TC1, TC2, and TC3 in Fig. 8 , were secured on the bone sample to compare the measured and predicted temperatures at thermocouple location in Fig. 6 . TC1 was embedded at the interface between the bur and bone, thus it was expected to have the highest temperature reading. TC2 and TC3 were attached on the surface next to the ground slot with about 1 mm away from the slot edge. These three thermocouples were intended to be close to the heat source to ensure the model capability from two standpoints. First, the model discrepancy possibly appears close to the heat source due to large temperature gradient. Second, in real surgery, 1 to 2 mm around the grinding spot is the high-risk region, thus the temperature has to be accurately known.
During grinding, PWM signal was measured and an was observed. This amount was equal to 0.52 W thermal power using the conversion model in Fig. 4 . By distributing 0.52 W to surface heat fluxes in FEA model, the spatial and temporal temperature distribution was then calculated. Figure 8 shows the comparison between the modelpredicted temperature and the actual measurements at three thermocouple locations. Overall very good agreement is achieved, particularly the peak temperatures. The slight difference in the descending region is likely due to the effect of high temperature bone debris, which covers on the exposed thermocouples under dry grinding condition, and results in slower temperature drop. 
Discussion
Results in Fig. 8 demonstrate the possibility of using motor power as a thermal predictor. By looking at the overall temperature distribution in Fig. 9 , the region around grinding can be easily over 100°C (gray area), with the initial temperature set at body temperature 37°C. The 50°C threshold (light blue) also propagates widely across the surface. Thermal injury could be significant under such grinding condition. Fortunately, mostly the grinding is performed under continuous irrigation. Our preliminary test shows that heat generation is about 10% of that under dry condition; while the local high temperature can still reach 50°C to initiate the injury, particularly if grinding duration is long over a particular area and no efficient cooling is applied. Validating this temperature monitoring method under irrigation is identified as the future work of this study. Furthermore, as mentioned in Sec. 3, heat conversion model is for a specific tool. It could be affected by the bur rotational speed, motion of grinding, and irrigation condition. Since irrigation flow rate, bur type, and rotational speed (60,000 rpm in this study) are usually set constant during surgery, the only uncertainty is the motion of grinding, i.e., the way surgeon feeds the grinding bur. Though limited, the motion effect could be taken into account by more tests using the three degrees of freedom experimental setup in Fig. 3. 
Conclusions
This paper proposed a concept to realize accurate bone temperature prediction during neurosurgical grinding process via heat conversion model and FEA thermal model. Experimental results demonstrated the linear correlation between the motor electrical power and heat generation. The FEA thermal model, considering spherical bone-tool contact interface and material removal, yielded accurate temperature prediction. The entire temperature monitoring method could be converted into a real-time temperature feedback if the FEA thermal model is further simplified to mathematical equations or matrix. Ultimately, this monitoring approach can be integrated into the existing console, thus being able to provide surgeons real-time information. This way is expected to reduce the risk of thermal injury and improve patient safety in skull base f f bone drilling procedure.
